Objectives: To determine the levels of tocopherols, retinol and carotenoids in maternal and umbilical cord blood plasma and to investigate the relationships between them. Design: Venous blood plasma concentrations of a, g and d-tocopherol, retinol, lutein, lycopene, zeaxanthin, bcryptoxanthin, a and b-carotene were determined by HPLC in healthy pregnant women and in pair-matched umbilical cords. Plasma levels of triglycerides and cholesterol were also measured. Subjects: Sixty-six women, between 10 and 20 weeks gestation, were recruited randomly during their ®rst antenatal appointment. From this group, 40 pair-matched umbilical cord blood samples were obtained. Results: Tocopherols, retinol, carotenoids and lipids were present in signi®cantly higher (P`0.001) concentrations in maternal plasma than in cord plasma. There was a signi®cant correlation (r 0.45, P`0.005) between maternal and cord levels of g-tocopherol, but not of a-tocopherol, retinol or carotenoids. Tocopherols and carotenoids were signi®cantly correlated with each other (P`0.05) in maternal and cord plasma. Cconclusions: Plasma levels of tocopherols, carotenoids and lipids are substantially lower at birth than in adulthood. There is a clear relationship between g-tocopherol levels in maternal and cord plasma. The importance of g-tocopherol in human nutrition should be further investigated. There are no signi®cant relationships between plasma a-tocopherol and carotenoids in pregnant mothers and cords. More research is needed to elucidate the maternal-foetal transfer of tocopherols and carotenoids, and to examine the impact of maternal antioxidant nutrient status on neonatal antioxidant capacity. It is important to determine if a low level of tocopherols and carotenoids at birth is a normal stage of human development or indicative of de®ciency.
Introduction
Normal aerobic metabolism generates reactive oxygen species (ROS) that can oxidatively damage biological macromolecules such as DNA, proteins, carbohydrates and lipids (Sies & Stahl, 1995) . To counteract the prooxidant effects of ROS, there is a complex antioxidant defence system, which includes both enzymic and nonenzymic components. Oxidative stress results when there is a shift in the prooxidantaantioxidant balance, in favour of the former, with potentially harmful effects (Sies, 1993) . Tocopherols and carotenoids are essential micronutrients that can react with ROS such as peroxyl radicals and singlet molecular oxygen, thus exerting a protective antioxidant effect (Di Mascio et al, 1991) . Epidemiological data have indicated that foods rich in antioxidant vitamins have an important role in the prevention of cardiovascular disease and cancer (Sies & Krinsky, 1995) .
Vitamin E was discovered in 1922 when rats fed a vitamin E-de®cient diet failed to reproduce. Vitamin E has no known relationship with human fertility, but a wealth of information has been published about its importance in human nutrition. Although g-tocopherol (TOH) is the most abundant form of vitamin E in the diet, a-TOH is present in 5 to 10-fold greater quantities in plasma (Traber et al, 1993) . a-TOH is the most biologically active form of vitamin E and the major lipid-soluble, chain-breaking antioxidant in biological systems (Burton et al, 1983) . TOH is transported in plasma by lipoproteins (Traber et al, 1993) . In vitamin E supplemented low density lipoprotein (LDL), oxidative resistance is signi®cantly enhanced (Esterbauer et al, 1991) . The TOH content of membranes may be the most important factor in determining the susceptibility of microsomes, LDL, hepatocytes or whole organs to ROS-mediated peroxidative damage (Di Mascio et al, 1991) . Although maternal plasma levels of TOH increase as gestation progresses, newborn and particularly preterm infants have reduced circulating TOH levels compared with normal adults (Muller, 1994) . Studies that have investigated the in¯uence of maternal levels of TOH on neonatal values have provided inconclusive results (Cachia et al, 1995; Jain et al, 1996) and the data suggest that transfer of TOH from the mother to the foetus may be limited (Sinha & Chiswick, 1993) .
In recent times, much attention has focussed on the proposed antiatherogenic and anticarcinogenic properties of carotenoids. Carotenoid pigments are widely distributed in nature where they play an important role in protecting cells and organisms (Di Mascio et al, 1991) . b-Carotene can effectively quench singlet molecular oxygen (Krinsky, 1989) . b-Carotene and lycopene can co-operate ef®ciently to eliminate this species in LDL (Wagner et al, 1993) . Several xanthophyll carotenoids such as lutein, b-cryptoxanthin and zeaxanthin have been reported to have powerful peroxyl radical scavenging abilities (Thurnham, 1994) . The vitamin A status of pregnant women has not been found to in¯uence vitamin A levels in cord blood unless the mother is malnourished (Powers, 1993) . However, it has been reported that cord plasma vitamin A levels are reduced compared to mothers (Dison et al, 1993; Chen et al, 1996) . In addition, low carotenoid levels have been found in tissue samples from autopsies of infants (Schmitz et al, 1991) . The implications of these ®ndings for the antioxidant status of neonates are unknown, as reference intervals are not yet available for cord levels of individual carotenoids.
The objective of this present study was to determine TOH, retinol and carotenoid concentrations in pair matched maternal and cord plasma samples and to examine any relationships between them.
Methods

Study sample
Sixty-six women, aged 16 ± 40 y, between 10 and 20 weeks gestation, gave written consent to participate in this study during their ®rst antenatal clinic appointment at a local hospital. The Ethics Committee of University College Hospital Cork approved the study protocol. The response rate was 100%. A non-fasting venous blood sample was taken from each participant. Although it is preferable to use fasting blood samples for the determination of plasma lipids and lipid soluble vitamins, this was not ethically permissible in the current population. None of the women were taking nutritional supplements that contained vitamin E, retinol or carotenoids. After delivery, umbilical cord blood samples were obtained from the separated placenta of the neonates of 40 of the original study sample. Only infants born at term were included. The mean birth weight was 3439 g (s.d. 486). Blood samples were drawn into heparinised vacutainers and centrifuged (10006g, 15 min). The plasma was stored at 7 70 C until analysed.
Analytical methods a, b and g-TOH, retinol, lutein, lycopene, zeaxanthin, bcryptoxanthin, a-and b-carotene were analysed simultaneously by an isocratic reverse-phase HPLC method described by Sheehy et al (1994) . Plasma total cholesterol and triglyceride concentrations were determined photometrically using diagnostic kits supplied by Boeringer Mannheim, Germany.
Statistical analysis
Statistical analysis was carried out using Datadesk 1 4.2c (Data Description, Inc., Ithaca, NY). Logarithmic transformations of the skewed plasma values were carried out. Differences between mean maternal and cord plasma values were tested using paired t-tests. Correlations between maternal and cord plasma levels of tocopherols and carotenoids were tested using Pearson's Method. Nonparametric Spearman's correlations were also carried out on the untransformed data and the results were the same as for the Pearson's method, therefore Pearson's correlations only are reported. A P-value of`0.05 was accepted as signi®cant.
Results
Maternal and cord blood plasma concentrations of TOHs, total cholesterol, triglycerides and TOHs adjusted for cholesterol and triglycerides are shown in Table 1 . Maternal levels of TOHs, lipids and TOH: lipid ratios were signi®cantly higher (P`0.02) than cord values. There was no detectable d-TOH in cord plasma. There were signi®cant correlations (P`0.005) in cord plasma between a-TOH and cholesterol (r 0.67), and between a-TOH and triglycerides (r 0.43). These correlations were also signi®cant in maternal plasma (P`0.05). There were signi®-cant correlations (P`0.05) between maternal plasma levels of a-and g-TOH (r 0.47) and between cord plasma levels of a-and g-TOH (r 0.34). There was no association between maternal and cord a-TOH levels (Figure 1 ). Maternal and cord plasma g-TOH values were signi®cantly correlated (r 0.45, P`0.005) (Figure 2) . Table 2 shows maternal and cord plasma concentrations of retinol and carotenoids. The levels of these nutrients was Table 1 Plasma levels of a-, g-, and d-tocopherol, cholesterol and triglycerides in women between 10 and 20 weeks gestation and in the umbilical cords of their newborn. a-and g-Tocopherol are also expressed in terms of plasma lipids (tocopherol/lipid ratio) Figure 1 Scatter diagram of cord and maternal plasma a-tocopherol levels (r 0.09).
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M Kiely et al signi®cantly higher (P`0.0001) in mothers than in cords. There were no correlations between maternal and cord plasma concentrations of retinol (Figure 3 ) or carotenoids. In maternal plasma, there were signi®cant correlations (P`0.05) between the concentrations of b-cryptoxanthin and retinol (r 0.37) and between the concentrations of bcarotene and lycopene (r 0.8). In cord plasma, there was a signi®cant correlation (P`0.05) between the levels of bcryptoxanthin and b-carotene (r 0.49).
Discussion
The levels of maternal and cord plasma TOHs reported in the present study agree with previously documented values (Finckh et al, 1995; Chen et al, 1996) . The current maternal data were obtained in non-fasting plasma, which may have in¯uenced the results, however it was not ethically permissible to request fasting in this group. The data show clearly that blood plasma TOH concentrations are lower at birth than in later life. This has been observed before (Haga et al, 1982; Dison et al, 1993; Jain et al, 1994; Chen et al, 1996) . It has been proposed that the lower levels of TOHs in cord blood may be due to a reduced transport capacity, which is re¯ected in lower circulating lipophilic substances (Haga et al, 1982) . In this present study, cholesterol and triglyceride levels were lower in cord plasma than in maternal plasma. Cord plasma TOHs were strongly correlated with cholesterol and triglycerides and this is consistent with previous reports (Godel, 1989) . The use of lipid-adjusted TOH is considered to be more reliable than using plasma concentrations of TOH in determining TOH status (Godel, 1989) . It has been suggested that the difference between maternal and cord TOH levels is not signi®cant when lipid-adjusted TOHs are compared (Dison et al, 1993) . In the present study, molar concentrations of a-TOH in maternal plasma were almost three times greater than in cord plasma. While this difference was substantially reduced when lipidadjusted values were considered, the difference remained signi®cant, in agreement with previous reports (Jain et al, 1996) . In this present study, there was no association between maternal and cord plasma a-TOH levels. This observation agrees with other reports (Haga, 1982; Cachia et al, 1995; Jain et al, 1996; Yeum et al, 1998) . Correlations between lipid-adjusted TOH levels in maternal and cord plasma have been reported (Chen et al, 1996; Jain et al, 1996) , but were not observed here. The assessment of red blood cell (RBC) TOH has been proposed as a suitable assessment of TOH status (Mino et al, 1985) . Signi®cant relationships between maternal and cord RBC TOH levels have been reported (Jain et al, 1996) , particularly when high levels of lipoprotein(a) are present in maternal plasma (Cachia et al, 1995) . RBC concentrations of TOH re¯ect vitamin E intakes more closely than plasma levels do (Mino et al, 1985) . In a study that compared the responses of plasma and RBC TOH levels to vitamin E intakes in term and preterm newborns, it was observed that RBC TOHs showed an increase in preterm infants ®ve weeks before plasma values did (Kelly et al, 1990) . In contrast, plasma TOHs had increased substantially in term neonates by day 8 (Kelly et al, 1990) . In cases where the monitoring of TOH status is indicated, for example in preterm infants who are at risk of oxidative stress, RBC TOH levels may provide a more sensitive indicator than plasma levels. 
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g-Tocopherol is the predominant form of vitamin E in nature. However, in human tissues and plasma, g-TOH represents only about 10 ± 20% of the total TOH pool (Mino et al, 1985) . In the liver, a tocopherol-binding protein discriminates between the different forms of vitamin E, and preferentially facilitates the incorporation of RRR-a-tocopherol into very low density lipoprotein (VLDL) (Traber et al, 1993) . This system is well regulated. As pregnancy progresses, plasma a-TOH increases in line with increasing b-lipoproteins (Mino, 1993) . This is in contrast to g-TOH, which reaches a maximum concentration in maternal plasma mid-gestation (Al-Senaidy, 1996) . In this current study, where maternal plasma was obtained between 10 and 20 weeks gestation, g-TOH values were similar to those observed by Al-Senaidy (1996) in plasma obtained mid-gestation. The reason for this contrast in concentration patterns between a-and g-TOH during pregnancy is unknown. Cord g-TOH levels in the current study were slightly lower than those observed in two-day-old infants (Finckh et al, 1995) . There was a signi®cant correlation between maternal and cord g-TOH values, which is in agreement with a recent report (Yeum et al, 1998) . The existence of a relationship between maternal and cord g-TOH in the absence of a relationship between maternal and cord a-TOH has implications which prompt further questions about the transfer, metabolism and functions of TOHs in pregnancy and early life. It is possible that hepatic tocopherol binding protein may not be well developed in the foetus, leading to low levels of a-TOH in VLDL, and hence in cord plasma. This implies that there may be a physiological basis for low plasma a-TOH at birth. Further research is needed to examine the role of g-TOH in human nutrition and early development.
Maternal plasma retinol and carotenoid concentrations were comparable to the levels found in other studies in females (Ascherio et al, 1992; Olmedilla et al, 1994; Yong et al, 1994) . Cord plasma retinol levels were higher than the values found by Dison et al (1993) , slightly lower than those reported by Chen et al (1996) , and within the normal range of 0.7 ± 2.5 mmolaL suggested by Godel et al, (1996) . b-Carotene and b-cryptoxanthin levels in cord plasma matched those found by Finckh et al (1995) . To our knowledge, there are no measurements of cord plasma levels of lycopene, lutein, zeaxanthin and a-carotene available for comparison.
The levels of retinol and carotenoids in maternal plasma were signi®cantly higher (P`0.0001) than in cord plasma. Cord retinol concentrations were about 53% of maternal levels. Godel et al (1996) suggested that cord retinol levels at 50 ± 60% of maternal values may represent a normal range for newborn infants. Reference intervals are not available yet for carotenoid concentrations in cord plasma. It is reasonable to suggest that the low cord carotenoid levels reported in this present study may also represent normal values for neonates.
There were no signi®cant correlations between maternal and cord plasma concentrations of retinol or carotenoids. Chen et al (1996) ) found that retinol concentrations in mothers were not related to those in cords. However, vitamin A supplementation for 12 weeks during pregnancy in a low income group was found to increase cord plasma vitamin A levels (Panth et al, 1990) , suggesting that maternal vitamin A status does have an impact on cord vitamin A concentrations. This association may not be evident in well-nourished groups. Dison et al (1993) reported that maternal use of retinol supplements did not signi®cantly affect blood concentrations. Fears of vitamin A toxicity prompted warnings about eating rich sources of vitamin A, for example, liver, during pregnancy. It has been suggested that in women whose vitamin A status is marginal, this advice may be misplaced, as the improvement of vitamin A status during pregnancy can help the pregnancy outcome (Ghebremeskel et al, 1994) .
Conclusions
Reference values have been presented for plasma concentrations of a-and g-TOH, retinol and six carotenoids in cord plasma. The data show that the levels of these nutrients are signi®cantly higher in maternal plasma than in cord plasma. A signi®cant relationship was found between maternal and cord plasma g-TOH values but not a-TOH, retinol or carotenoids. It appears that the maternalfoetal transfer of g-TOH is mediated by either different or more ef®cient methods than a-TOH. The role of g-TOH in human nutrition and early development should be investigated more thoroughly. A greater understanding of the maternal-foetal transfer of lipophilic molecules is needed to elucidate whether maternal nutritional status of lipidsoluble vitamins in¯uences neonatal plasma TOH, retinol and carotenoid levels. It is unknown if a low level of tocopherols and carotenoids in cords is a normal stage of physiological development, or if it has an attenuating effect on the total antioxidant capacity of neonates. Further investigations are required to establish the levels of intracellular and extracellular antioxidants and to assess total antioxidant activity in healthy infants.
